Abstract. We investigated the guiding of femtosecond laser pulses with an intensity of > 10 16 W/cm 2 in a hollow and gas-filled capillary. We measured the laser transmission versus length of two capillaries with different inner cores in a vacuum, and also the laser propagation modes in these two capillaries. We succeeded in generating an extended plasma column that was ten times longer than the Rayleigh range by propagating high intensity femtosecond laser pulses in a gas-filled capillary. We obtained a spectral blue shift in the transmitted femtosecond laser pulses with a 5 torr nitrogen-filled capillary and used this shift to demonstrate extended plasma column formation in a gas-filled capillary. We conducted a preliminary soft X-ray laser experiment as an application of this laser-pumped gas-filled capillary.
INTRODUCTION
Many applications in physics require the propagation of intense, femtosecond laser pulses over a distance of several times the Rayleigh range (Z R ). These applications include laser particle accelerators [1] , high-order harmonic generation [2] and X-ray lasers [3] . In usual cases, the absence of an additional guiding mechanism would make it difficult to generate a high-intensity field over a sufficient length with a modestly powered, ultra-short pulse laser, since the maximum vacuum focusing length is of the order of the Rayleigh range. Moreover, for intense laser pulses propagating through dense plasma, the interaction length is further limited by ionization-induced refractive defocusing. This means the effective interaction length will be less than the Rayleigh range if only natural focusing is used.
Various mechanisms have been proposed for propagating high intensity laser pulses beyond the Rayleigh range distance. The extended propagation of laser pulses in plasma beyond the Rayleigh range can be achieved with a preformed plasma channel [4] . An extended plasma column can also be realized by a laser pulse once the laser intensity is sufficiently high, and the refractive index can be modified by the laser pulse and lead to relativistic or ponderomotive self-channeling [5] . However, many applications need plasma parameters very different from those required for guiding a laser, and would benefit from a guiding structure that existed independently of the plasma.
The use of a hollow capillary seems to be such an alternative scheme. With this guiding technique, the guiding mechanism is based on Fresnel reflection occurring at the inner surface of the capillary wall. Several groups have studied ways of guiding a high intensity femtosecond laser pulse over many times the Rayleigh range of focusing optics in a hollow capillary in a vacuum [6] [7] [8] . However, in terms of the practical application of this guiding technique, no one has yet realized a laser pulse capable of such propagation. It is essential to form an extended plasma column in a capillary. This makes it important to investigate high intensity laser pulses propagating in a capillary that contains plasma. The idea of laser pulse propagation over the Rayleigh range in a capillary containing plasma can be realized by injecting gas into a hollow capillary tube, and simultaneously employing guided high intensity laser pulses to ionize the gas over an extended region.
EXPERIMENT
We investigated high intensity laser pulses propagating through a hollow capillary under both vacuum and gas-filled conditions. The laser system we used in the experiment was a commercially available (Spectra-Physics), 10 Hz Ti:sapphire chirped pulse amplification system with a pulse duration of 100 fs and a maximum energy output of 100 ml [9] . The linearly polarized laser pulse passed though a Mgp2 window into an evacuated chamber, and was focused by an f = 400 mm MgF 2 lens onto a capillary target. The Rayleigh range of the focusing optics was Z R = 0.8 mm. For our experiment on laser pulse propagation through a hollow glass capillary, we fixed the capillary holder on a 5-dimensional translation stage. We measured the input and output laser energies with a calorimeter, and recorded an image of the laser mode with a CCD camera.
, Gas inlet * Gas eel! Laser Capillary * • . . Figure 1 shows the target configuration for the gas-filled capillary experiment. The capillary was cut to form an opening gas injection point, and the cut capillary was fixed in a sealed static gas cell, which we used when we filled the capillary with gas. Laser pulses were directly coupled into the capillary, and the capillary entrance simultaneously served as a differential hole between the gas-filling cell and the vacuum chamber. An output pinhole, which isolated the vacuum and gas-filling regions, was drilled in a 0.1-mm-thick stainless steel plate using a driving laser at the beginning of each experiment. The gas-filling cell was placed in a vacuum target chamber, thus allowing a femtosecond laser pulse to propagate in an almost gas-free region until it reached the capillary entrance. The present experimental set up minimizes the adverse effects of gas nonlinearity on the pulse in front of the capillary compared with the case where an uncut capillary is placed directly in the gas chamber, in which gas flows into the capillary through the capillary entrance [10] . In addition, by using this experimental set up, we can avoid the soft X-ray emission being absorbed by gas outside the capillary. Therefore, this experimental set up is particularly suitable for use with a soft X-ray laser and for high order harmonics generation research. In the case of gas-filled capillary experiment, we employed a visible range spectrometer and an X-ray transmission grating spectrometer to measure the output femtosecond laser spectra and the axial soft X-ray emission from the gasfilled capillary, respectively.
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RESULTS AND DISCUSSION
We first investigated the guidance of high intensity laser pulses in a hollow capillary in a vacuum. .±± E The data in Fig. 2 show that high intensity laser pulses have propagated efficiently through a 16 mm-long capillary. Based on the fact of that Rayleigh range of the focusing optics is ZR = 0.8 mm, the result shows that laser pulses propagate efficiently in capillaries with a length of up to 20 times the Rayleigh range (this experimental result was limited by capillary availability ). Figure 2 also shows that the laser transmission through the two capillaries appears to decrease with capillary length. However, the transmission through an a= 126 jum capillary (a is the capillary core radius) decreases much more quickly than that through an a = 63 jum capillary. The origin of this difference is the different modes excited in the different core-diameter capillaries. A capillary tube with a dielectric wall is a leaky waveguide. Losses associated with refraction of the beam at the wall occur during propagation in addition to those caused by coupling the laser pulses at the entrance of the capillary tube. Specifically, there are losses caused by multiple reflections against a high order mode. The results we obtained with the analytical model show that when CO Q la equals 0.65 (o) Q is the focusing spot radius), a hollow glass capillary is most favorable for EHn mode excitation, and this mode has the largest damping length; when CO Q « a, the modes generated inside the capillary will be high order modes with high loss [11] . In our case, co 0 la = 0.5 (CO Q is about 30 jum) for an a = 63 jum capillary, which is close to the ideal value for EHn generation. However, the value of co^ la is only 0. 25 for an a -126 jum capillary, which mainly excites high order modes. To provide experimental evidence for the above analysis, we measured the spatial distribution of the laser intensity at the capillary exit. Images of this spatial distribution provide information concerning the mode structure of the laser beam during its propagation. The measured modes were EHn-like for the a = 63 jum capillary, while we observed a high order mode structure with laser pulse propagation through the a= 126 jum capillary.
The following part describes our experimental investigation of high intensity laser pulses propagating in a gas-filled capillary. In this experiment, the first point to be clarified was whether the gas in the capillary could seriously attenuate the laser energy when the propagated laser intensity was sufficiently high to ionize the gas. Figure 3 . Generally, laser transmission decreases with increasing gas pressure. Increasing the gas density enhances not only absorption but also energy coupling to a high order transverse mode via ionization. The latter effect also reduces the laser throughput as a result of the increased propagation losses of the high order mode, and impairs the output beam quality. Self-defocusing of the incident beam in front of the capillary entrance may also reduce the transmission. Potential applications of femtosecond high intensity laser propagation in a gas-filled capillary, such as that demonstrated by the recombination mechanism soft X-ray laser experiment, usually require a very low operating gas pressure (<10 torr) [12] . We therefore focused our attention on laser transmission under low gas pressure conditions. Figure 3 reveals that laser energy propagating through a 5 torr nitrogen-filled capillary remains at about 0.9 of the value it exhibits when propagating through the same capillary in a vacuum. Therefore, a slight reduction in the energy (intensity) of propagated laser pulses under low gas pressure will be beneficial in terms of generating an identical ionic state along their propagation path in a gas-filled capillary.
The spectral variation in output laser pulses can provide information about the laser propagation situation in a capillary. We employed the spectral change in the output femtosecond pulses from a gas-filled capillary to estimate the length of the plasma column generated in the capillary. Figure 4 shows that the laser transmitted spectrum broadens in relation to the input spectrum after passing through a 10-mm-long nitrogen-filled capillary. Interestingly, the spectral broadening shown in Fig. 4 is only towards the blue side and is significantly different from the experimental result obtained by M. Nisoli et al. for laser propagation in a nitrogen-filled capillary [13] , where the broadened spectrum showed both a blue shift and a large portion of red-shift components. The essential difference between these two experiments is the laser intensities that were employed. In Nisoli's experiment, the laser intensity was lower than the multi-photon ionization or self-focusing threshold, thus neutral electronic nonlinearity played a major role in the spectral broadening, and the self phase modulation process induced by neutral electric nonlinearity shifted the broadened spectrum towards both the blue and red sides. However, the laser intensity used in our experiment was about 10 16 W/cm 2 , for which a significant proportion of the nitrogen valence electrons was ionized around the pulse peak. Under low gas pressure, the optical field ionization process can cause a rapid increase in electron density, and hence a decrease in refractive index. This leads to the complementary effects of spatial defocusing and spectral broadening. The plasma-induced spectral shift [14] can be described as AX = (X0Z/c)/(dfl/df), where Xo is the incident laser wavelength, L is the length of the gas ionization region, and n is the plasma refractive index. The plasma refractive index is given by n = (l-Ne/Ncr) 1/2 , where Ne is the electron density and
Ncr is the critical density. As the ionization process is irreversible on a femtosecond time scale, this corresponds to (dn/dt)<0 during the whole laser pulse duration, which makes the spectrum shift only in the blue direction. The blue spectral shift under low operating gas pressure obtained above becomes obvious only when the gas ionization region L is sufficiently long. When we simply focus the laser pulses at the same intensity into a 5 torr nitrogen gas cell without using a capillary (the length of the nitrogen gas ionization region under this condition is about twice the Rayleigh range of the focusing lens), or when we guided the laser pulses in the same capillary without filling it with nitrogen gas, we were unable to observe any obvious spectral blue-shift component for either case. The above experimental results indicate that the laser ionization range in a 5 torr nitrogen-filled capillary is a distance much greater than double the Rayleigh range.
In the experiment, we simultaneously monitored the duration of the output laser pulses and found that they exhibited a slight broadening in their temporal duration. The measured pulse duration was typically about 120 fs under the above experimental conditions. From the measured laser parameters (focus spot size, pulse duration and laser transmission) at the capillary exit, the estimated output laser intensity was about 10 15 W/cm 2 . We can therefore infer that plasma is created along the whole length of the capillary (>10Z R ). •--'v^4 6 FIGURE 5. Axial soft X-ray emission was obtained from a laser-pumped nitrogen-filled capillary, where the input laser energy was 40 ml and the pulse duration was lOOfs. The capillary length and radius of inner core were 10 mm and 126 um, respectively
By exploiting the propagation of intense femtosecond laser pulses over several times the Rayleigh range in a gas-filled capillary, we were able to carry out an experiment in which we employed a laser-pumped gas-filled capillary for recombination soft X-ray laser. Figure 5 shows the measured axial soft X-ray emission from a nitrogen-filled capillary pumped by femtosecond laser pulses. We can see clearly that the transition 3s-2p(N 2+ ) at 45.2 nm is anomalously strong at backing pressure of 0.5 torr. From our previous research [12] we know that this anomalously strong emission can be attributed to the realization of a population inversion between energy levels 3s and 2p, which results from efficient pumping into the 3s state via recombination from N 3+ ions, and also from the collisional deexcitation of 3p or 3d states due to the relatively low electron temperature in plasma. Compared with our previous work in which a soft X-ray emission was obtained from a laser-pumped gas cell, an obvious feature of the present result is that the candidate lasing line at 45.2 nm is much stronger if we normalize the experimental data. We ascribe the enhanced soft X-ray emission to the longer plasma column formed in the present experimental set up. The other feature of the present experimental result is that high order harmonics emerge at lower gas pressure. Specifically, the high order harmonics are very strong at a backing pressure as low as 2 torr, and dominate the spectrum at a pressure of 4 torr. However, we did not observe strong high order harmonics with an operating gas pressure lower than 8 torr in our previous experiment that we conducted with a gas cell. The strong high order harmonics that emerge at a lower gas pressure with a gas-filled capillary than with a gas cell can be explained as follows. The phase mismatch between the pumping laser and the harmonics, which usually occurs while focusing laser pulses in a low pressure gas cell, is reduced due to the guiding effect of the laser pulses in the gas-filled capillary, and this enhances the generation of high order harmonics [2] .
CONCLUSIONS
In conclusion, intense laser pulses with an intensity of >10 16 W/cm 2 efficiently propagated over 20 times the Rayleigh range of a focusing lens in a hollow capillary in a vacuum. A plasma region with a length greater than 10 Z R in a gas-filled capillary is generated by propagating high intensity (>10 16 W/cm 2 ) laser pulses. An anomalously strong soft X-ray emission at 45.2 nm was obtained from a laser-pumped nitrogenfilled capillary. A scheme involving the use of a femtosecond laser to pump a gasfilled capillary shows great potential as regards the realization of soft X-ray lasers with a large gain length product.
